[1] A new 3-D shear velocity model of the crust and upper mantle beneath the Colorado Plateau and surrounding regions of the southwestern United States was made with finite frequency Rayleigh wave tomography using EarthScope/USArray data. The goal of our study is to examine the Colorado Plateau lithospheric modification that has resulted from Cenozoic tectonism and magmatism. We have inverted for the isotropic Vs model from a grid of Rayleigh wave dispersion curves obtained by a modified two-plane wave method for periods from 20 to 167 s. We map the lithosphere-asthenosphere boundary under the Colorado Plateau by identifying the middle of the shallowest upper mantle negative Vs gradient. The depths of the lithosphere-asthenosphere boundary inferred here agree well with receiver function estimates made independently. The strong lateral heterogeneity of shear velocity can be mainly attributed to 200-400 K variations in temperature together with ∼1% partial melt fraction in the shallow upper mantle. The resulting Vs structures clearly image the upper mantle low-velocity zones under the Colorado Plateau margins that are associated with magmatic encroachment. These upper mantle low-velocity zones resulted from the convective removal of the Colorado Plateau lithosphere that had been rehydrated by subduction-released water, refertilizing and destabilizing it. This convective erosion by the asthenosphere at the low-viscosity part of the lithosphere is driven by the large step in lithospheric thickness and the thermal gradient across the boundary between the plateau and the extended Basin and Range since the Mid-Cenozoic at a rate similar to that of magmatic migration into the plateau from the southeast, south, and northwest. Moreover, the Rayleigh wave tomography model images parts of a high-velocity drip in the western Colorado Plateau and thus provides additional seismic evidence for ongoing convective downwelling of the lithosphere that was initially suggested by receiver functions and body wave tomography. The widespread edge convective erosion, which the regional delamination-style downwelling processes are a 3-D manifestation of, could provide additional buoyancy sources to support the excess uplift at the margins of the plateau.
Introduction
In this paper we describe analysis and interpretation of fundamental mode Rayleigh waves across the Colorado Plateau (CP) and across its borders with the surrounding provinces using finite frequency Rayleigh wave tomography. The CP is a high-standing (∼1.8-2.0 km), relatively stable physiographic province in the tectonically active southwestern United States (Figure 1 ). This distinct province is bounded by the Uinta Mountains and the Wasatch front in the north, the highly deformed Southern Rocky Mountains (SRM) in the northeast, the Rio Grande Rift (RGR) valley in the east, and the highly extended Basin and Range Province (BRP) in the south, west and southwest. Between the Southern Basin and Range (SBR) and the plateau, there is a ∼100 km broad zone with transitional geologic and geophysical characteristics including normal faulting and recent magmatism (the CP-BR transition region). The Colorado Mineral Belt and the Jemez lineament are two distinct geologic features [Humphreys et al., 2003 ] lying at the CP-SRM and CP-RGR boundaries, respectively ( Figure 1 ). The availability of the Transportable Array data from the EarthScope/USArray project provides an unparalleled opportunity to construct high-resolution tomographic images in the tectonically active southwestern United States. Prior to the EarthScope/USArray program, seismic investigation of the CP and its adjacent regions was limited to either regional and continental-scale tomography studies, with rather poorly sampled data [e.g., Humphreys and Dueker, 1994 ; van der Lee and Nolet, 1997] , or only relatively small regions or active source seismic profiles [e.g., McCarthy et al., 1991; McCarthy and Parsons, 1994; Wolf and Cipar, 1993; Parsons et al., 1996; Sheehan et al., 1995 Sheehan et al., , 1997 Zandt et al., 1995; Henstock et al., 1998; Snelson et al., 1998 Snelson et al., , 2005 Levander et al., 2005; Wilson et al., 2005a Wilson et al., , 2005b Wilson et al., , 2010 . Since USArray, additional studies have provided new velocity models for the uppermost [Buehler and Shearer, 2010] and upper mantle [e.g., Schmandt and Humphreys, 2010] beneath the Colorado Plateau region, as well as Moho and LAB depth . Our Rayleigh wave tomography using USArray can provide better vertical resolution in the upper mantle above ∼200 km with absolute shear velocity information, complementing the body wave tomography, which provides relative velocity perturbations.
Tectonic History
[3] The modern lithospheric structures beneath the CP and its adjacent provinces in the southwestern United States are complicated mainly due to significant Cenozoic modifications to a Paleozoic passive continental margin outboard of a Proterozoic and Archean core [e.g., Lipman, 1992; Lee et al., 2001; Humphreys et al., 2003] . The NE striking continental lithosphere was assembled in the Proterozoic through progressive accretion of island arc terranes [Karlstrom and Humphreys, 1998 ]. The major lithospheric modification of the Paleozoic passive continental margin to the cratonic edge resulted from shortening, extension and magmatism in the western United States associated with Late Cretaceous-Early Cenozoic Farallon plate subduction beneath the North American plate [e.g., Coney and Reynolds, 1977; Humphreys et al., 2003] . The rapid slab subduction initiated basement-cored uplift due to crustal compression/thickening during the Laramide orogeny (∼70-45 Ma), and an eastward migration of arc magmatism [Coney and Reynolds, 1977; Snyder et al., 1976] many hundred kilometers inland from the trench. As the Farallon slab began to flatten due to the combined effects of oceanic subduction and enhanced mantle wedge suction [Humphreys, 2009] , it subsequently hydrated the base of the North American lithosphere [Saleeby, 2003; Humphreys et al., 2003; English et al., 2003] , depressing the peridotite solidus for subsequent melting [Lee, 2005] . Following the slab removal ∼30 Ma, Mid-Tertiary Basin and Range volcanism and extension are thought to have been triggered by postsubduction orogenic collapse as well as the exposure of the mantle lithosphere to hot ascending asthenosphere [Dickinson and Snyder, 1978; Humphreys, 1995] . Small-scale convection under the back arc and orogenic belt [Wilson et al., 2005a [Wilson et al., , 2005b Hyndman et al., 2005; Humphreys, 2009] , along with dynamic mantle upwelling [Moucha et al., 2008 [Moucha et al., , 2009 Liu et al., 2010] , further modified the unstable southwestern U.S. lithosphere after the slab began foundering. Magmatism and extension continue presently in the BRP and RGR and are migrating into the CP margins at rates of ∼3-6 km/Ma [Roy et al., 2009] . During the past 30 Ma, the RGR has undergone a two-stage rifting process separated by a ∼10 Ma period of magmatic quiescence [e.g., Morgan et al., 1986] . It is still unclear how deformation and magmatism have altered the North American lithosphere beneath the CP and the neighboring provinces [Humphreys, 2009] .
Motivation
[4] Small-scale convection such as edge-driven convection [e.g., van Wijk et al., 2008 [e.g., van Wijk et al., , 2010 or convective destabilization of the Proterozoic lithospheric core beneath the CP [Humphreys et al., 2003; Levander et al., 2011] has been suggested to explain the unusually large velocity contrast across the transition edges. Based on the 2-D seismic tomography from the La RISTRA experiment [e.g., Gao et al., 2004; Sine et al., 2008] and geodynamic modeling, van Wijk et al. [2010] suggested that edge-driven convection caused the Late Cenozoic magmatism and uplift at the edges between the CP and BRP or RGR. Whether such convective erosion at the CP margins is a localized or widespread feature remains unclear, and our Rayleigh wave tomographic image pro- Figure 1 . Topography map of the major physiographic provinces of the southwestern United States, including the Colorado Plateau, the southern and northern Basin and Range, the Rio Grande Rift, the Southern Rocky Mountains, and the Great Plains. Station distribution inside the study area (white box) from various USArray networks (TA, Transportable Array; CI, Caltech Regional Seismic; U.S., U.S. National Seismic; IU, IRIS/USGS; UU, University of Utah Regional) are also shown with different symbols (see legend). The topography data are from the ETOPO1 model (http://www.ngdc.noaa.gov/mgg/global/global.html) [Amante and Eakins, 2009] . Locations of the Colorado Mineral Belt and the NE trending Jemez lineament are also indicated.
vides a comprehensive seismic model to examine the convective erosion around the transition area into the center of the plateau. Moreover, our model provides an independent study to understand the complicated physical state under the western CP. Complex Ps conversions beneath much of the plateau have been noted in receiver function (RF) studies [McCarthy and Parsons, 1994; Zandt et al., 1995; Sheehan et al., 1997; Wilson et al., 2005a; Gilbert et al., 2007; . Gilbert and Sheehan [2004] suggested that the weak Ps conversion might be introduced by a gradational impedance transition possibly caused by magmatic underplating [Wolf and Cipar, 1993] . However, Levander et al. [2011] proposed a delamination-style lithospheric downwelling under the western margin of the CP to explain the split of Moho signals observed in the receiver function volume using USArray data. Most of the converted amplitudes beneath the western plateau separate into discrete positive events with weak amplitudes compared to those of the surrounding tectonic regions. A high-resolution Vs model can improve our understanding of the regional lithosphere-asthenosphere interaction, as well as the complicated lithospheric convection beneath the western CP.
[5] A detailed 3-D Vs model can also help to understand the CP uplift mechanism, which remains the subject of a long-standing debate. Numerous mechanisms have been suggested to explain the ∼2 km Cenozoic rock/surface uplift of the plateau since 80 Ma. The buoyancy sources from the crust, mantle lithosphere and asthenosphere can mainly be attributed to four major factors: thermal expansion [Thompson and Zoback, 1979; Roy et al., 2009] , mechanical lithospheric thinning [Bird, 1979; Spencer, 1996; Lastowka et al., 2001] , crustal thickening [Morgan and Swanberg, 1985; McQuarrie and Chase, 2000] , and/or dynamic uplift [Moucha et al., 2008 [Moucha et al., , 2009 Liu et al., 2010] . No consensus on the uplift contributed by each factor has yet been achieved. Knowledge of the present-day depth of the lithosphere-asthenosphere boundary (LAB) determined seismically from our Rayleigh wave tomography model can shed some light on the various uplift scenarios, given an assumed initial configuration. To better image the edge convective processes in the upper mantle and examine the feasibility of a regional delamination hypothesis [Levander et al., 2011] , we present a new Vs model based on a two-step inversion of Rayleigh wave data using the USArray data. This 3-D model provides absolute shear velocities allowing us to identify possible zones of partial melt at the CP edges, and produces the geometry of the lithosphere and asthenosphere for testing the delamination model at the western margin of the CP.
Data and Methodology

USArray Stations and Data Analysis
[6] The final Vs model provides crustal and upper mantle structures to ∼200-250 km depth. We used phase and amplitude information of the fundamental mode Rayleigh waves recorded by the EarthScope/ USArray Transportable Array (TA) network and several other seismic networks in the southwestern United States within the geographic boundaries 32°to 50°N latitude, and 116°to 105°W longitude. Data from about 200 broadband seismic stations in the TA network (station spacing ∼70 km) and 18 stations in other networks were incorporated in the analysis, as shown in Figure 1 . We have used a total of 154 teleseismic earthquakes (30°≤ D ≤ 120°, Figure 2a ) with shallow focus (≤70 km) and magnitude ≥5.5 which occurred between June 2007 and September 2009, when the TA occupied the CP region. The good azimuthal distribution of events and well-distributed stations provide extremely dense raypath coverage (e.g., Figure 2b ), allowing for good resolution of stable lateral fluctuations in phase velocities measured across the plateau region and its adjacent provinces. [7] We processed the vertical components of the seismograms to extract the pure Rayleigh wave signals. After instrument response correction, we applied 18 Butterworth bandpass filters with 10 mHz bandwidth at center periods of 20, 22, 25, 27, 30, 34, 40, 45, 50, 59, 67, 77, 87, 100, 111, 125, 143, and 167s (50, 45, 40, 37, 33, 29, 25, 22, 20, 17, 15, 13, 11.5, 10, 9, 8, 7 , and 6 mHz) to the preselected traces (see example in Figure 2c ). The filtered seismograms with either unusual amplitudes or low signal-to-noise ratios (<3) were excluded; only highly coherent and clean traces were kept for analysis. To isolate the fundamental mode from higher-order modes and body wave phases, we windowed the surface waves with variable length tapered windows. The effects of frequency-dependent anelastic attenuation and geometrical spreading were taken into account for amplitude corrections [Mitchell, 1995; Li et al., 2003] . Local site responses were also considered to account for individual station corrections of both amplitude amplification and phase shift [Yang and Forsyth, 2006a] . Earthquake magnitude variations were removed by normalizing the observed amplitudes to the root mean square (RMS) amplitude for each event.
2.2. Finite Frequency Rayleigh Wave Tomography [8] We have used the two-stage inversion developed by Yang and Forsyth [2006b] to determine the 3-D Vs structure from the phase and amplitude data. In the first step we obtain the 2-D phase velocities, with the modified two-plane wave technique Forsyth, 2006a, 2006b; Forsyth and Li, 2005] , effectively unraveling interference in the Rayleigh wavefield resulting from multipathing. The method assumes that at a given frequency, the complexity and distortion of the fundamental mode Rayleigh waves results from the sum of two interfering plane waves with different wave parameters (amplitudes, initial phases, angles of deviation from the great circle path). Additionally, we followed Yang and Forsyth's [2006b] consideration of off-azimuth structures by introducing 2-D finite frequency amplitude and phase sensitivity kernels to resolve localized wavelength-scale heterogeneities. This method for determining phase velocities, with and without the finite frequency kernels, has been applied successfully to many data sets [Forsyth et al., 1998; Li et al., 2003 Li et al., , 2005 ; Yang and Forsyth, 2006a; Schutt et al., 2008; ].
[9] The inversion of phase velocity coefficients and wave parameters uses both simulated annealing and a generalized linearized inversion technique Tarantola and Valette, 1982] . In this scheme, the perturbations to the current phase velocity model and wavefield parameters are iteratively updated, until they meet the numerical criteria for the misfit of phase velocities. Next, we inverted the local dispersion curves for 1-D Vs structures using the DISPER80 code [Saito, 1988] . We used a similar iterative, linearized solution to the nonlinear least squares regional 1-D Vs inversion to construct a juxtaposed 3-D shear velocity model. The crustal thickness constraints are from receiver function estimates 3. Parameterization and Inversion 3.1. Rayleigh Wave Phase Velocity Measurement 3.1.1. Parameterization [10] Lateral variations in phase velocity can be highly resolved using the modified two-plane wave method. One basic assumption of the method is that the study region is small enough that the recorded waveforms can be represented as an interference pattern between two plane waves. We are examining a large area (11°× 10°); therefore we first divided it into four subregions ( Figure 1 ): CP-NBR, CP-SRM, CP-SBR, and CP-RGR. This division takes advantage of the dynamic deployment status of the TA stations (the majority in the west before January 2008, and full coverage largely in the east after December 2008). The phase velocities in the overlapping regions were averaged after separate subdivision inversion. Different events were chosen for each "box" to maintain a good station coverage and similar azimuthal distribution (Figures 3a  and 3b) . A Gaussian averaging function with a smoothing length of 65 km was used in the relative traveltime calculation and to smooth the sensitivity kernels. There are six wave parameters (for each plane wave: amplitude, initial phase, and deviation angle) to represent each event. Each "box" is parameterized on an evenly distributed grid with a spacing of 0.5°in the receiver-covered region, and 1.0°on the boundary to absorb traveltime residuals of the waves not modeled well by the two-plane wave representation, a process accomplished by assigning larger a priori standard deviations to the peripheral nodes. The initial average phase velocities were estimated from the synthetic dispersion curve based on a modified version of the 1-D Tectonic North America (TNA) model from Grand and Helmberger [1984] .
Inversion and Dispersion Curves
[11] The phase velocity variations from 20 to 167 s in each model "box" were derived. Fewer seismograms at short periods (e.g., <30 s) were kept because of strong distortion and incoherent interference patterns among stations due to localized multipathing, focusing, or defocusing effects, and at longer periods (T > 100 s) due to the decreasing Rayleigh wave energy. The mean phase RMS misfits ( Figure 3c ) are mainly below 3 s, indicating a good fit except at the longest periods (>143 s) that have larger uncertainties of phase measurements. In order to examine the validity of the twoplane wave approximation we examine one single event (30 September 2007) at 50 s period (Figures 3g  and 3h ), which shows the predicted phase and amplitude data fit the observations well. Moreover, for most filtered seismograms, the secondary/primary amplitude ratios are smaller than 0.4 (Figure 3d ), and the deviation angles of the primary waves are within ±10 degrees of the great circle path (Figures 3e  and 3f ). The small amplitude ratios and path deviations indicate that the two-plane wave representation is reasonable.
[12] Several consistent phase velocity anomalies associated with the regional geological features are identified ( Figure 4 ). We observe (1) a profound low-velocity area in the southern Rocky Mountains at short periods (<50 s) associated with a relatively low crustal shear velocity and a thick crust beneath the Colorado Rockies; (2) at periods less than 30 s a large low-velocity area covering the Colorado Mineral Belt to the east of the CP; (3) relatively high phase velocities beneath the SBR which decrease abruptly upon entering the CP-SBR transition region; (4) two long NE trending lowvelocity belts along the CP-NBR and the Jemez lineament in the CP-RGR transition regions; (5) consistently high phase velocities in the CP interior compared to the surrounding tectonic margins; (6) at periods >45 s, the high velocity over the CP is continuous with the high phase velocity anomaly north of the CP, although it is variably reduced around its peripheries adjacent to the extended province to the west, south and east; and (7) high velocities in the SBR at short periods (e.g., 20-30 s, Figure 4 ) which result from the shallow Moho, as Rayleigh waves in these periods sense upper mantle structures in the SBR, but the crust elsewhere.
Shear Velocity Inversion: Parameterization and Inversion
[13] The Rayleigh wave phase velocities have significantly greater sensitivity to the absolute shear velocity than to density and compressional velocity, especially below the Moho (Figure 5a ). The vertical sensitivity kernels of Vp, Vs and density at various periods were computed based on the reference model, showing that the strongest sensitivity comes from the Vs profile. Thus, we kept density and Vp/Vs ratio fixed in each layer, and used a combined P and S wave sensitivity to calculate the perturbation to the previous velocity model. In practice, slightly varying the Vp/Vs ratio (1.70-1.85) caused no appreciable changes in the inversions. Thus, we finally used a fixed Vp/Vs ratio of 1.735 and 1.756 in the crust and upper mantle, respectively, the same as based on the statistical analysis of seismic parameters by Chulick and Mooney [2002] . The longest measured period (167 s) in the phase velocity indicates that the upper mantle structure can be well resolved as deep as ∼250 km, though with larger vertical uncertainties. [14] We iteratively inverted for shear velocity on the same 0.5°× 0.5°grid used for computing the Rayleigh wave dispersion curves. The average Vs structure was first inverted by taking a mean crustal thickness of 42 km based on the modified TNA model. Then we inverted for the localized Vs at each grid point using crustal thickness constraints from the RF study. The linearized inversion scheme uses a combination of minimum length and smoothing regularization by introducing nonzero diagonal and off-diagonal terms to the a priori (Figure 5b) , and agrees well with the choice of Schutt et al. [2008] by bounding the minimum upper mantle Vs to a reasonable range.
[15] The inversion of Vs structures can be evaluated from the resolution kernels at different depths. The resolution lengths for the reference model are plotted in Figure 5c , with the resolution peak displayed around 20 km for the row of the resolution matrix corresponding to 15 km. The number of adjacent layers needed to recover one entire piece of independent information of the model increases with depth, due to broader and weaker resolution peaks. The combined analysis from the Vs sensitivity and resolution kernels indicates that the S velocity can be well resolved to ∼250 km depth, above which vertical and lateral heterogeneities are well imaged. The average Vs profiles beneath the entire region and the distinct tectonic regions are shown in Figure 6 . We observe pronounced lowvelocity zones beneath the SBR/NBR, the RGR and the SRM, which have been noted in many previous continental-scale studies [e.g., Humphreys and Dueker, 1994 ; van der Lee and Nolet, 1997; Burdick et al., 2008] .
Results
Crustal Heterogeneity
[16] The crustal structure in the study region is characterized by several multiscale (∼50-100 km wide) high and low velocities (Figures 7a and 7b) . Using the starting model (see section 3.2) as the reference, we have imaged several distinct lowvelocity features surrounding the plateau, including two narrow transition regions (∼50-100 km wide) from the Basin and Range, one beneath the Southern Rockies (Colorado Mineral Belt, Figures 7a and 7b) , and one beneath the Jemez lineament near the Rio Grande Rift. The low crustal Vs anomalies (∼150 km wide) beneath the CP-NBR transition region and the Colorado Rockies are broader than those in the CP-SBR transition region, and those beneath the Jemez lineament in the RGR-CP transition region (∼100 km wide). The relatively high velocities (+3-4%) compared to the starting model under the SBR and NBR are separated by a lowvelocity area located in the "magmatic gap" zone [e.g., Armstrong and Ward, 1991; Zandt et al., 1995] . The high NBR velocities drop abruptly to the east of the Wasatch Front. In the Colorado Plateau interior, the crust is relatively complex and has an intermediate average velocity between the low-Vs RGR (Figures 7a and 7b ) and the highvelocity Great Plains [e.g., van der Lee and Nolet, 1997; . The NE trending highvelocity anomaly in the southern plateau is bounded by the Jemez lineament and the Yavapai/Southern Yavapai accretionary boundary (green dashed line in Figures 7a and 7b ). It extends from the southeastern Navajo volcanic field region to the western edge of the SRM, and drops abruptly across the SRM-CP boundary into the Colorado Mineral Belt.
Upper Mantle Heterogeneity
[17] We also observe strong lateral velocity heterogeneity in the upper mantle relative to the TNA model (Figure 7) . A large high-velocity feature (+1-3%) beneath 50-70% of the CP between 60 and 200 km depth extends from the Navajo volcanic field in the south across the NE striking Cheyenne Belt into the southern Archean Wyoming Province (Figures 7c-7h ). Encircling this feature in the east, south and west are continuous, large amplitude (−2 to −6%) low velocities extending to ∼125-150 km depth. The largest-amplitude lowvelocity anomaly is located beneath the NBR to the west of the Wasatch Front (Figures 7c-7h) . A NE trending narrow low-velocity belt (Figures 7f-7h ) bisects the Four Corners high-velocity body.
[18] In the southeast, a "lambda-shaped" (l) lowvelocity body (green dashed contour in Figure 7c ) is observed beneath the southern RGR and the Jemez volcanic fields (RGR/JL) (Figures 7c-7e ). The two low-velocity trends of the "l" merge close to the New Mexico-Colorado border, and extend northward into the SRM as Vs increases. The lowest shear velocity, ∼8% lower than the global average, lies beneath the RGR axis where it crosses the Jemez lineament (Figures 7c-7e) , in the depth range ∼40 to 100 km. Below 100 km, the "l" anomaly (Figures 7f and 7g ) is lost to larger-scale (Figures 7c-7g ), the upper mantle Vs peak-to-peak variations can reach as high as 12%. Weakening of the observed lateral heterogeneity at greater depths (>200 km, Figures 7h and 7i) is likely due to the loss of sensitivity and the lateral averaging effect of Figure 6c for each region, and the black line is the initial TNA model. All error bars represent the standard deviation of phase velocity measurements. Estimated LAB depths from the Rayleigh wave tomography at the center of the negative velocity gradients.
Figure 7
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LAB Depth Estimate
[19] The Rayleigh wave tomography model provides an independent estimate of the depth of the lithosphere-asthenosphere boundary (LAB) under and adjacent to the plateau. In a strict sense the LAB is a rheological boundary separating the conductive and rigid lithospheric lid from the convective and mechanically weak asthenosphere. Proxies for the LAB are often taken as geophysical discontinuities or vertical gradients in geophysical properties, negative in the case of seismic velocity, seismic impedance, or viscosity, and positive in the case of heat flow and electrical conductivities [Eaton et al., 2009; Fischer et al., 2010; Abt et al., 2010] . The Ps and Sp RF techniques [e.g., Langston 1979; Li et al., 2007] have been developed to detect such seismic impedance discontinuities effectively. However, the LAB depth is still sometimes ambiguously defined from RF images alone [Rychert and Shearer, 2009; Yuan and Romanowicz, 2010] . Additional constraint from the surface wave model, which is an estimate of absolute shear velocity, improves the determination of LAB depths. The LAB topography in the tectonically active southwestern United States is an important constraint for determining the geodynamic evolution of the BRP/RGR and the littledeformed CP, and for estimating the location of partial melts, which were probably generated and transported from greater depth in the upper mantle, and now reside under the young volcanic fields in the BRP and RGR regions. Detailed knowledge of the regional-scale mantle convection and thermal structures also depends significantly on the accuracy of the LAB topography.
[20] We obtained a new LAB map (Figure 9 ) by using the surface wave Vs model as a guide to pick the LAB depth from the Ps receiver function images. We first take the center of the negative upper mantle Vs gradient as the LAB depth [Eaton et al., 2009; Fischer et al., 2010] , and compare it to the 3-D Ps and Sp RF volumes using the common conversion point (CCP) stacking technique [Dueker and Sheehan, 1997; Levander et al., 2011; . There is good agreement between these two independent LAB depth estimates (Figure 8 ) though they are made from signals in different frequency bands (0.1-1.0 Hz for the RFs; 0.006-0.05 Hz in Rayleigh waves). For example in Figure 8 , the LAB depth estimates at ∼60-120 km from the RF images are, in most locations, well correlated with the top of the low velocities in the Vs images, in which selected RF profiles are plotted for direct comparison. The tomography Vs image reduces the ambiguity in choosing the LAB in Ps RFs where the negative converted Ps phase from the LAB is obscured by crustal multiple reflections. Due to the inherent smoothness of inverted gradients beneath the lithospheric high-velocity lid, using both surface wave inversion and receiver function images allows for distinction between multiple permissible LAB depth estimates. Thus, we finally picked the LAB depth from the receiver functions and the Vs profiles jointly.
[21] From the newly determined LAB map (Figure 9 ), we observe that the LAB beneath the BRP and RGR is relatively shallow at ∼50-80 km depth. It is deeper beneath the CP at ∼80-120 km, and becomes even deeper beneath the SRM to >150 km. The average LAB depths beneath each tectonic province show good agreement with depths inferred as the center of the negative-velocity gradient from the average Vs profiles (Figure 6 ). However, the relatively deep LAB (>85 km) of the plateau does not coincide with the physiographic province boundary: the abrupt lithospheric deepening beneath the CP lies within the plateau, not at the edges near the BRP/RGR (Figure 9 ).
Interpretation and Discussion
[22] The surface wave inversion results are consistent with numerous previous regional-scale or 2-D seismic studies such as PACE [e.g., Wolf and Cipar, 1993; Benz and McCarthy, 1994] Gao et al., 2004; Wilson et al., 2005a Wilson et al., , 2005b , and CP-GB [e.g., Sheehan et al., 1995 Sheehan et al., , 1997 . In addition, our model provides a 3-D examination of the complicated CP lithospheric structures over a wider region. The complicated lateral heterogeneity of the crustal and upper mantle Vs structures above 80 km can be attributed to Cenozoic magmatic modifications and tectonism around the plateau periphery, such as melt generation during the magmatic encroachment toward the CP center [Roy et al., 2009] , the possible warming from the extension around the margins, and the small rotation of the plateau [e.g., Aldrich et al., 1986] . The thin BRP and RGR lithosphere result from Cenozoic extension, while the relatively thick central CP lithosphere is consistent with geologic observations that the plateau has experienced little internal deformation [Thompson and Zoback, 1979; Morgan and Swanberg, 1985] . Our results are in good agreement with the P and S body wave traveltime tomography results from Schmandt and Humphreys [2010] , but have greater vertical resolution at shallow depths (<200 km). For example, comparing the Vs map at 90 km (Figures 7j and 7k ), there appears to be similar lateral variation patterns with a large and continuous low-velocity anomaly surrounding the Four Corner high velocities from both methods. The slightly different magnitudes of anomalies can be attributed to radial anisotropy caused by continental deformation [Moschetti et al., 2010] . Despite the larger station spacing of TA stations (∼70 km), a cross section through our Vs volume shows similar high-and low-velocity anomalies as the more densely spaced (∼20 km) La RISTRA experiment cross section [Sine et al., 2008] .
[23] Moreover, the surface wave model provides absolute Vs information rather than velocity perturbations derived from teleseismic body wave tomography [e.g., Schmandt and Humphreys, 2010; Sine et al., 2008] . For instance, absolute velocity models can provide accurate traveltime computation, while, in contrast, the body wave tomography may give a biased result if using an incorrect reference model. Specifically, the absolute Vs can better constrain the upper mantle physical state in the Southwestern United States. For example, the lowest seismic velocities seen in Figure 11 are strongly correlated with locations of Late Cenozoic magmatism and high surface heat flow. We suggest that thermochemical convection occurs progressively inward into the plateau, removing the rehydrated and weakened parts of the CP lithosphere, and this convective process leads to magmatic migration inboard and produces a thinned lithospheric thickness and a low-velocity zone across the edge. At the western margin, a regional lithospheric downwelling process has been suggested by our surface waves, body wave tomography, and receiver functions [Levander et al., 2011] , and illustrates ongoing thermochemical convection involving the lowermost crust and upper mantle. This type of downwelling can help to explain how lithospheric mantle has been removed around the CP, and how the crust in the CP-BR transition regions is thinned. [24] In addition to the top of the low-velocity zone (LVZ) that we interpreted as the LAB, the base of the upper mantle LVZ can also be estimated from the tomographic images, although with larger uncertainties due to loss of vertical resolution at greater depths [Eaton et al., 2009] . From the Vs cross sections (33.5°-40.5°N) in Figure 10 , we observe that the LVZ shape changes significantly beneath different tectonic provinces. The LVZs beneath both the northern and southern BRP are very shallow (top at ∼55-70 km) and thin (∼90-120 km thick), and reach extremely low values (Vs < 4.15 km/s) at ∼80-100 km depth under the transition region at the CP edge. The RGR/JL system has a shallower LAB (∼50 km), a thinner LVZ (∼70-90 km thick), and the minimum Vs (<4.0 km/s) at shallower depths of ∼60-70 km. The southernmost SRM has a low-velocity region at a similar depth as the RGR/JL system, but the absolute value of the lowest velocity increases northward by ∼2-5%. There is no obvious welldefined low-velocity zone beneath the northern part of the plateau interior, although the LAB depth can still be roughly estimated from the small negative gradient in the Vs profiles. The penetration distances of the low-velocity zones (SBR: ∼100-150 km; NBR: ∼50-100 km), which extend across the CP tectonic boundary into the lithospheric core, correlate well with the eroded CP lithosphere inferred from the LAB topography obtained in this study (Figure 9 ). Assuming that the magmatic encroachment started from the edge at ∼20 Ma when Basin and Range extension initiated with a uniform rate, we obtained a lateral rate of 5-7.5 km/Ma and 2.5-5 km/Ma from the SBR and NBR sides, respectively, which agrees well with the migration rates of surface volcanism presented by Roy et al. [25] Seismic velocity reduction is typically ascribed to changes in temperature [e.g., Karato, 1993; Cammarano et al., 2003] , volatile composition [e.g., Karato and Jung, 1998 ], degree of partial melt and melt depletion [e.g., Hammond and Humphreys, 2000; Schutt and Lesher, 2006] , as well as seismic anisotropy [e.g., Yang and Forsyth, 2008] and grain size [e.g., Faul and Jackson, 2005] . The extremely strong Vs contrast (∼12-14%) across ∼80-125 km in the transition regions (Figures 7d-7f ) cannot be simply caused by temperature variations, which require a physically unreasonable difference of ∼600-900 K, if we used a temperature derivative dlnVs/dT of ∼1.5-2.3%/100 K [Karato, 1993; Cammarano et al., 2003] and upper mantle attenuation Qs of ∼50-100 [Faul and Jackson, 2005; Sine et al., 2008; Yang and Forsyth, 2008; Dalton et al., 2008] . The presence of a small amount of partial melt in the upper mantle LVZ can dramatically reduce the shear velocity and thus requires more reasonable temperature variation. Hammond and Humphreys [2000] suggested that a ∼1% melt fraction in the upper mantle could cause at least a 7.9% reduction in shear velocity. If we assume ∼1% partial melt in the low-velocity ring (Figure 11 ), the remaining Vs reduction can be caused by a lateral temperature variation of ∼170-400 K, consistent with the 200-400 K temperature change suggested from xenolith data [Riter and Smith, 1996] . The required percentage of melt might be higher if we use the measurement by Takei [2000] , which gives ∼2-4% variations in Vs caused by 1% partial melt in the upper mantle. Compositional variations caused by hydration or melt depletion could also contribute a certain percentage to Vs reduction, but the contribution is too small to account for the observed Vs variations. Typically, no more than 0.5% change in Vs can be caused by the melt depletion in the upper mantle [Schutt and Lesher, 2006] . We interpret the upper mantle low velocities as resulting from a ∼1% partial melt fraction in the lowestvelocity regions of the BRP, RGR and the southern and western peripheries of the CP. This has been previously suggested by Schmandt and Humphreys [2010] from body wave tomography, in which they observed low Vp, Vs, and high Vp/Vs. The partial melt could either be partially molten lithosphere whose solidus was depressed by hydration, or asthenospheric mantle. Geochemical data (e.g., 143 Nd/ 144 Nd ratios from Crow et al. [2011] ) suggest that the melt source around the plateau rim has an increasingly asthenospheric signature through time. The locations of the asthenospheric low-velocity zones containing partial melt are strongly correlated with the existence of Holocene volcanic fields, which include the Valles Caldera and Zuni Bandera fields in the Jemez lineament, the San Francisco and Uinkaret fields at the southwestern edge, and the Markagunt Plateau and Bald Knoll, Santa Clara, and Black Rock Desert fields in the northwestern margin of the plateau (Figure 11 ).
Upper Mantle Low Velocities
Edge Convection Around the Colorado Plateau
[26] The 3-D scenario of edge convective erosion occurring around the CP boundary could be either an extension of 2-D edge driven thermal convection suggested by van Wijk et al. [2010] , or numerous consecutive 3-D thermochemical convective events removing the lower crust and mantle lithosphere proposed by Levander et al. [2011] , or both. In the latter case, erosion occurs by repeated localized drips, in the former by sheet-like drips. From the present-day configuration of the asthenospheric LVZs abutting the relatively highVs lithospheric core of the CP, we suggest that widespread small-scale convection is occurring at more than half of CP margins from the RGR to BRP to explain the present-day thinned lithosphere, localized uplift and magmatism at the edges. The shallowing trend of the LAB and base of the LVZs toward the plateau center could be related to the increasingly asthenospheric components observed toward the center of the plateau due to mantle upwelling [Sine et al., 2008; Crow et al., 2011] .
[27] Widespread edge convection was probably developed initially from the large variations in lithospheric thickness (Figure 9 ) between the mildly deformed CP and the extended and thinned BRP and RGR since mid-Cenozoic, resulting in convective erosion of the CP thermal boundary layer as suggested by van Wijk et al. [2010] to explain the large Vs gradient and the magmatic invasion. Furthermore, we suggest that pervasive convective removal of both the thermal boundary layer and lithospheric core of the plateau has been progressively occurring across large parts of the periphery toward the northeastern cratonic root. The 3-D scenario of marginal erosion initiated from the large step of lithospheric thickness could be facilitated by rehydration and destabilization of CP lithosphere [Humphreys et al., 2003; Li et al., 2008] . Edge-driven convection itself cannot dra- matically erode the abutting lithosphere without introducing substantial weakness inside the lithospheric root [King and Anderson, 1998 ]. Mantle xenolith evidence shows that the cold CP lithosphere, despite its depletion and little internal deformation, was rehydrated by subduction-released water and was further refertilized and mechanically weakened Roy et al., 2009] . The CP lithosphere, with significantly reduced viscosity at its base and flanks, is being convectively removed at a similar rate as the volcanic migration toward the CP interior although the process may be more threedimensional than two-dimensional as suggested by the delamination-style downwelling under the Grand Canyon [Levander et al., 2011] .
[28] Our Vs model suggests that subcontinental convective processes might continue to erode and recycle the entire hydrated and destabilized lithosphere, and we predict coreward migration of low-velocity zones and thinned lithosphere. The convective erosion of the previously hydrated CP lithospheric core and the replacement by the lowerdensity asthenosphere contribute additional buoyancy at the western and southeastern edges. The uplift of the CP margins could further be facilitated by the thermal expansion from basal and side heating [Roy et al., 2009] . Combining our new upper mantle Vs model and the geochemical analysis from Crow et al. [2011] , we suggest that much of the low-velocity volume surrounding the plateau is associated with asthenospheric replacement of the CP lithosphere stripped off by convective erosion across the margins at various depths from the base of the crust to ∼150 km. [29] Cross sections of the Vs model support the ongoing regional delamination hypothesis in the western CP, as suggested by receiver functions, body wave tomography and our Rayleigh wave results [Levander et al., 2011] . The CCP stacked RF images reveal unusually complicated Moho topography beneath the western portion of the plateau, where the conversion signals broaden and separate into two distinct positive-amplitude events (Figure 8 ). The top event is relatively shallow and is interpreted as a newly formed "elevated" Moho. The deeper one extends to depths of 70-90 km and is interpreted as the upper interface of a delamination-style, convective downwelling that includes the lower crust and upper mantle lithosphere [Bird, 1979; Levander et al., 2011] . This feature appears in the teleseismic body wave tomography [Schmandt and Humphreys, 2010] as a high-velocity pipe extending to 200-250 km depth. In both seismic data sets, the feature is centered at about 37°N latitude and 111°W longitude, with a radius of ∼100 km.
Lithospheric Delamination and CP Uplift
[30] At this point, the Rayleigh wave tomography shows high velocities that start at ∼80 km depth and extend to the northeast to at least 100 km. Figure 8 shows a comparison of two cross sections from the RF and Rayleigh wave studies. The crustal thickness constraint in the Rayleigh wave phase velocity inversions is from the RF estimates as we describe below. To the west of the Navajo volcanic field (113-111°W in Figure 8a ), a relatively high-velocity anomaly is imaged as hanging to the western edge of the plateau. Along the N-S profile, we also observed a high-velocity anomaly about 100 km across in the Vs image, the top of which correlates well with the top of the delamination event shown as the deeper positive Ps conversion in the RF image. The detachment direction indicates that the delamination of the lower crust and lithosphere propagates from the plateau interior toward the western margins of the plateau. This is consistent with increasing uplift rates in the Grand Canyon from west to east inferred from the incision history [Karlstrom et al., 2008; Levander et al., 2011] . The low-velocity region (111-110°W) east of the lithospheric drip, interpreted as the buoyant asthenosphere, is replacing the delaminating lithospheric mantle and lower crust. [31] To test the robustness of the high-velocity structure beneath the delamination region, we have inverted the Vs structures using three different crustal thickness constraints (shallow, constant at 40 km, and deep Moho) beneath the western plateau. The shallow and deep Moho depths correspond to the shallow and deep events in the RF image (see Figure 8a) , respectively. As anticipated, the lower crust and uppermost mantle velocity structures are greatly affected by different Moho constraints. However, we consistently observe the northeasterly dipping high-velocity feature in all the three Vs inversions, surrounded by low velocities from both sides in the west of the Navajo volcanic field (Figure 12 ). The consistent pipe-like upper mantle structures discount the possibility of an artifact introduced by an incorrect crustal thickness constraint. The shallow Moho inversion is preferred in this study because the data from the top positive event in the RF analysis is more physically reasonable since it is above 50 km. Moreover, the shallow Moho model produces the smallest residuals (<0.5%) in the inversion at about 3-5 grid points over this region 36°-38°N, compared to the deep Moho model. The constant Moho model has similar residuals to the shallow model since their Moho depths are close.
[32] Our Vs model and inferred LAB topography, as well as the edge convection and regional downwelling, provide possible mechanisms for the complicated CP uplift observations at the margins. The crustal thickness from either active source data [McCarthy and Parsons, 1994; Wolf and Cipar, 1993; Henstock et al., 1998; Snelson et al., 1998] or Ps and Sp receiver functions ] is inadequate to provide isostatic support for the ∼1.8-2 km CP elevation. The preserved Proterozoic CP lithosphere, inferred from the high Vs in the core of the plateau and its thickness of ∼100 km (Figures 6 and 9) , makes the almost complete lithospheric removal following flat slab subduction [Bird, 1988] seem unlikely to us. Mantle compensation for the CP buoyancy is thus required; however, it cannot be fully explained by a single buoyancy source. Instead, we suggest several types of support that include dynamic uplift from a deep mantle upwelling [Moucha et al., 2008 [Moucha et al., , 2009 Liu et al., 2010] , basal/side heating and thermal expansion [Thompson and Zoback, 1979; Roy et al., 2009] , partial removal of lower crust and lithosphere components [Spencer, 1996; Lastowka et al., 2001; Levander et al., 2011] , and small- scale convective support along the CP margins [van Wijk et al., , 2010 . Though it is still difficult to quantify the buoyancy contribution from each mechanism [e.g., Roy et al., 2009] , our model suggests that both the edge convective asthenospheric source and the regional delamination can cause additional elevation at the western, southern, and southeastern margins of the plateau.
Conclusions
[33] We have developed a 3-D Vs model to ∼250 km depth using USArray-based Rayleigh wave phase velocity data determined with finite frequency Rayleigh wave kernels and the two-plane wave method to separate multipathed arrivals. The resulting Vs model reveals strong lateral heterogeneity in the crust and uppermost mantle beneath the CP and the adjacent tectonic provinces. The Proterozoic CP lithosphere has high velocities relative to its peripheries and these high velocities extend to the north into the Rockies. A ring of low velocities in the upper mantle surround and extend under the CP periphery about ∼100 km depth the CP-BRP transition region and the RGR/JL boundary. We interpret these low velocities as partially molten lithosphere or asthenosphere based on the geochemical signatures of volcanics in the region during the past 5-6 Myr. We suggest that the rehydrated and mechanically weakened CP lithosphere is progressively removed from the edges where lowvelocity zones and thinned lithosphere are present, taking the form of either 2-D thermal or 3-D thermochemical convective erosion driven from the plateau edges by the thermal gradient and lithospheric thickness steps, and likely aided by asthenospheric melt invasion of the lithosphere. This edge convective process in 3-D and the complexity of the modern crustal and upper mantle structures under the plateau are understandable in terms of the lithospheric modification during the Cenozoic. By putting additional constraints from our Rayleigh wave Vs model with the Ps receiver function analysis, we have obtained a new LAB topography map. Our Vs model suggests that the lithosphere is removed at a rate similar to the magmatic encroachment toward the center of the plateau observed in surface volcanism. We note that the surface wave tomography provides additional seismic tomographic evidence for the delamination-style convective downwelling hypothesis in the western CP based on the RF imaging [Levander et al., 2011] . A northeasterly dipping high-velocity anomaly, appearing regardless of the crustal thickness used in inversion, is interpreted as the convective downwelling of lower crust and mantle lithosphere at the western margin of the plateau. Based on previous studies and our new Vs model, we propose a hybrid uplift mechanism that includes a combination of chemical/thermal/geodynamic contributions, with buoyant support under the margins provided from lithospheric removal.
